Studies in rats have shown that intermittent footshock stress reinstates drug seeking after prolonged drug-free periods. Recently, we found that another environmental stressor, acute 1 d food deprivation, potently reinstates heroin seeking in rats. Here we report that this effect of food deprivation can be blocked by leptin, a hormone involved in the regulation of energy balance and food intake. Rats were trained to selfadminister heroin (0.05-0.1 mg/kg, i.v., per infusion, three 3 hr sessions per day) for 8-10 d. The heroin-reinforced behavior was then extinguished for 10-13 d, during which lever presses had no reinforced consequences. Subsequently, rats were tested for reinstatement after 1 d of food deprivation (experiment 1) or exposure to intermittent footshock (15 min, 0.6 mA) and heroin priming injections (0.25 mg/kg, s.c.) (experiment 2). Acute food deprivation reinstated heroin seeking, an effect that was attenuated by leptin (2 or 4 g/rat, i.c.v.; two infusions, given 21 hr and 20-30 min before the start of the test sessions). In contrast, leptin had no effect on reinstatement of heroin seeking induced by intermittent footshock or priming injections of heroin. These data indicate that food deprivation can provoke relapse to heroin seeking via a leptin-dependent mechanism, which is not involved in relapse induced by footshock stress or reexposure to heroin.
Studies in humans report that stressful life events are associated with craving and relapse to drugs (Shiffman and Wills, 1985; Sinha et al., 1999) . In laboratory animals, the effect of exposure to stress on relapse to drug seeking can be studied in a reinstatement model (Stewart and de Wit, 1987) in which animals trained to self-administer drugs are exposed to acute stress after extinction of the drug-reinforced behavior. Studies in rats have shown that intermittent footshock stress reliably reinstates heroin (Shaham and Stewart, 1995) , cocaine (Erb et al., 1996) , nicotine (Buczek et al., 1999) , and alcohol (Lê et al., 1998) seeking, an effect mediated by central noradrenaline (NA) and corticotropin-releasing factor (CRF) systems (Shaham et al., 2000b) .
Recently, we found that another environmental stressor, acute 1 d food deprivation, reliably reinstates heroin seeking (Shalev et al., 2000) . These data extend previous reports on the effect of acute 1 d food deprivation on sensitivity to lateral hypothalamus brain stimulation reward (BSR) (Carr and Simon, 1984) and on the effect of acute 1 d food restriction (ϳ30 -40% of free-feeding) on the self-administration of psychostimulant and opioid drugs (Carroll, 1999) and reinstatement of cocaine seeking (Carroll, 1985) . Our data also are in agreement with reports on the effect of chronic food restriction (several weeks of 30 -40% of freefeeding) on sensitivity to BSR (Carr, 1996) , on drug-induced lowering of threshold for BSR (Cabeza de Vaca and Carr, 1998) , and on drug self-administration (Carroll, 1999) and conditioned place preference (Gaiardi et al., 1987; Cabib et al., 2000) .
Despite the robust effect of food deprivation or restriction on drug self-reinforced behavior, little is known on the neuronal substrates underlying this effect (Carroll, 1999; Cabib et al., 2000) . It has been suggested that hormonal and neuronal systems that are altered by the negative energy balance induced by food restriction act on brain reward circuits to increase sensitivity to the rewarding effects of drugs of abuse and BSR (Carr, 1996) . In agreement with this idea, it was found recently that intracerebroventricular infusions of leptin reverse chronic food restrictioninduced sensitization of lateral hypothalamus BSR (Fulton et al., 2000) . Leptin, the product of the obese (ob) gene, is secreted by peripheral adipocytes, its plasma levels reflect the size of the fat mass, and the hormone is thought to be involved in long-term energy balance (Friedman and Halaas, 1998) . Central infusions of leptin into the ventricles or into specific hypothalamic nuclei (arcuate nucleus, ventromedial hypothalamus, and lateral hypothalamus) decrease food intake and increase energy use, indicating that the actions of leptin are centrally mediated (Ahima et al., 2000) .
Here we report that intracerebroventricular infusions of leptin attenuate reinstatement of heroin seeking induced by acute 1 d food deprivation. To further study the role of leptin in reinstatement of heroin seeking, we also determined the effect of the hormone on reinstatement induced by intermittent footshock stress and heroin priming injections. Leptin had no effect on reinstatement of heroin seeking induced by these events, suggesting that the hormone is selectively involved in reinstatement induced by acute food deprivation.
MATERIALS AND METHODS
Subjects. Sixty-four male L ong-Evans rats (350 -400 gm; Charles River, Raleigh, NC) were used. Rats were transferred to the self-administration boxes 5-7 d after surgery, where they were chronically housed under a reversed 12 hr light /dark cycle (lights on 10:00 P.M.). Water and food were available ad libitum, except when food deprivation conditions were applied (see below). The experimental chambers had two levers located 9 cm above the floor, but only one lever (an active, retractable lever) activated the inf usion pump (Razel Scientific Instruments, Stamford, C T). Presses on the other lever (an inactive, stationary, nonretractable lever) were recorded but did not activate the inf usion pump. The grid floors of the chambers were connected to electric shock generators (Med Associates, Georgia, V T). The experimental procedures followed the Principles of Laborator y Animal Care (National Institutes of Health publication number 86 -23, 1996) and were approved by the local Animal C are and Use Committee.
Surger y. Rats were implanted under anesthesia (a mixture of xylaxine plus ketamine, 10 plus 100 mg / kg, i.p.) with intravenous SIL ASTIC catheters (Dow Corning, Midland, M I) into the right jugular vein as described previously (Shalev et al., 2000) . For each rat, a guide cannula (23 gauge; Plastics One, Roanoke, VA) was also implanted during the intravenous surgery. The cannula was aimed 2 mm above one of the lateral ventricles: Ϫ0.9 mm posterior, 1.4 mm lateral, and 2.0 mm ventral to bregma (Paxinos and Watson, 1998) . After surgery, the catheters were flushed every 24 -48 hr with sterile saline (0.05 ml). At the end of the experiments, cannula placement was verified by demonstrating a shortlatency (Ͻ60 sec) drinking response to angiotensin II (100 ng, i.c.v.).
Procedure. The experiments included three phases: self-administration training, extinction training, and tests for reinstatement. Eighteen of the 64 subjects were excluded because of poor health, loss of head cap, catheter blockade, or misplaced cannulas. The numbers of animals mentioned below refer only to those included in the analyses. Training was conducted for 8 -10 d, three 3 hr sessions per day that were separated by 3 hr. The first session of each day started at the beginning of the dark cycle. Each response on the active lever resulted in the delivery of 0.1 mg / kg (first 4 -6 d) or 0.05 mg / kg (last 3-4 d) of heroin (diacetylmorphine HC l; National Institute on Drug Abuse, Baltimore, MD). During the timeout period, lever presses were not reinforced, and a cue light located above the active lever was turned on. Each session began with the introduction of the active lever into the chamber and the illumination of the white cue light above this lever for 30 sec. A red house light was turned on for the entire session. At the end of each session, the house light was turned off and the active lever was retracted. During the extinction phase, the experimental conditions were identical to those of the training phase, with the exception that the heroin syringes were removed. For the first 7 d, rats were given three 3 hr extinction sessions per day. Subsequently, the number of sessions was reduced to one 3 hr session per day, and rats were given 3-6 daily extinction sessions until they reached the extinction criterion of 20 responses or less on the previously active lever. At this point, tests for reinstatement started.
E xperiment 1: effect of leptin on food deprivation-induced reinstatement. T wenty-five rats were randomly assigned to one of three leptin dose conditions: vehicle, 2 g /rat, or 4 g /rat (n ϭ 8 -9 per dose). Recombinant murine leptin was obtained from Peprotech (Roanoke, VA), and the doses of the hormone used were based on previous reports (Widdowson et al., 1997; Fulton et al., 2000) . Food deprivation was accomplished by removing the food hoppers from the chambers for 21 hr before the 3 hr test sessions. The food hoppers were brought back to the chambers at the end of the test sessions. Leptin or vehicle (distilled water; 2 l) was inf used via a 10 l Hamilton syringe, connected with PE-50 tubing to a 30 gauge injector (Plastics One) that was lowered 2 mm below the cannula tip. Leptin is involved in the long-term regulation of energy balance (Friedman and Halaas, 1998) , and the hormone levels are decreased as early as 4 hr after the onset of food deprivation in rats (Dallman et al., 1999) . Therefore, drug-vehicle inf usions were given twice: 21 hr and 20 -30 min before the start of the test sessions. The two inf usions were given to activate the leptin system in the brain at the onset of the food deprivation period (first injection) and to maintain high levels of leptin during tests for reinstatement (second injection). At each dose condition, rats were tested for reinstatement under free-feeding conditions and after food deprivation, in a counterbalanced order. Tests were separated 72-96 hr apart, and regular extinction sessions were given on the days between testing.
E xperiment 2: effect of leptin on footshock-and heroin priming-induced reinstatement. T wenty-one rats were randomly assigned to one of the three leptin dose conditions: vehicle, 2 g /rat, or 4 g /rat (n ϭ 7 per dose). Rats were exposed, in a counterbalanced order, to a 15 min intermittent footshock (0.6 mA; 0.5 sec ON; a mean OFF period of 40 sec), a heroin priming injection (0.25 mg / kg, s.c.), and a saline injection (subcutaneous; control condition) just before the test sessions. Tests were done during 3 consecutive daily sessions. Leptin -vehicle injections were given 21 hr before the first test session and 20 -30 min before each of the subsequent test sessions. The footshock parameters and the heroinpriming dose were based on previous studies (Shaham et al., 2000a) .
RESULTS

Training and extinction phases
Rats demonstrated reliable heroin self-administration behavior and a pronounced extinction burst when heroin was removed. The mean number of heroin reinforcements and the total responses on the active (reinforcements plus timeout responses) and the inactive levers in the two experiments during the morning session of the last day of training are shown in Table 1. This table  also shows the mean number of nonreinforced responses on the previously active lever and on the inactive lever in the first and last session of extinction. No significant group differences within each experiment in any of the measures were obtained (data not shown). In addition, no differences were obtained across experiments during the training and extinction phases (Table 1) .
Experiment 1: effect of leptin on food deprivation-induced reinstatement
Because of skewed distributions, a square-root transformation (Cohen and Cohen, 1983 ) was used before conducting the re- peated measures ANOVA with leptin dose (0, 2, or 4 g) as the between-subjects factor and food deprivation (food deprived and food sated) as the within-subjects factor. Food deprivation increased responding on the previously active lever (a measure of drug seeking), an effect that was significantly attenuated by leptin (Fig. 1 A) . The statistical analysis revealed significant effects of leptin dose (F (2,22) ϭ 4.8; p Ͻ 0.02), food deprivation (F (1,22) ϭ 20.6; p Ͻ 0.01), and leptin dose by food deprivation (F (2,22) ϭ 5.2; p Ͻ 0.02). Regardless of the test condition, lever pressing on the inactive lever (a measure of nonspecific activity and/or response generalization) was very low (Ͻ10 responses/3 hr) (Fig. 1 B) , and neither leptin nor food deprivation altered this response ( p values Ͼ 0.05). Leptin also decreased body weight gain when food was reintroduced after 1 d of deprivation (vehicle group, 20.6 Ϯ 3.7 gm per day; leptin groups, 7.2 Ϯ 2.3; p Ͻ 0.01) but had no effect on body weight loss induced by food deprivation (vehicle group, 22.2 Ϯ 7.7 gm per day; leptin groups, 26.4 Ϯ 2.1; p Ͼ 0.5).
Experiment 2: effect of leptin on footshock-and heroin priming-induced reinstatement
Because of skewed distributions, a square-root transformation was used. The repeated measures ANOVA using leptin dose (0, 2, or 4 g) as the between-subjects factor and test condition (saline priming, heroin priming, and footshock) as the withinsubjects factor revealed significant effects of test condition on responses on the previously active lever (F (2,36) ϭ 12.2; p Ͻ 0.01) (Fig. 2 A) and on the inactive lever (F (2,36) ϭ 3.2; p Ͻ 0.05) (Fig.  2 B) . Therefore, a change-score analysis was performed on responses on the previously active lever minus responses on the inactive lever. This analysis also revealed a significant test condition (F (2,36) ϭ 10.4; p Ͻ 0.01). Thus, after taking into account nonspecific activity and/or response generalization, both heroin priming and footshock effectively reinstated heroin seeking. These effects, however, were not attenuated by leptin (leptin dose by test condition, F (4,36) ϭ 0.7, NS).
DISCUSSION
The main finding in this report is that reinstatement of heroin seeking induced by acute food deprivation is attenuated by intracerebroventricular infusions of leptin. In contrast, leptin has no effect on reinstatement induced by exposure to intermittent footshock or heroin priming injections. These data indicate that acute food deprivation reinstates heroin seeking via a leptin-dependent mechanism, which does not modulate reinstatement induced by footshock or heroin priming. The present data, and the recent finding that leptin reverses chronic food restriction-induced sensitization of lateral hypothalamus BSR (Fulton et al., 2000) , suggest that central leptin systems are involved in the changes in motivational states induced by food deprivation or restriction.
Neuronal mechanisms involved in the effect of leptin on food deprivation-induced reinstatement
The present data indicate that leptin acts centrally to attenuate acute food deprivation-induced reinstatement, and based on previous research, it is likely that hypothalamic sites are involved. Although leptin receptors are expressed in a number of peripheral tissues and brain sites, the hypothalamus is the main site of the actions of leptin (Ahima et al., 2000) . Central administration of leptin reduces body weight in rats at doses that are several folds lower than the effective peripheral doses (Campfield et al., 1996) . Leptin receptors are localized in hypothalamic areas known to regulate food intake (Elmquist et al., 1998) , and mRNA for leptin was found recently in these areas (Wilkinson et al., 2000) . Finally, infusions of leptin into the ventromedial hypothalamus, lateral hypothalamus, and arcuate nucleus reduce food intake in rats (Ahima et al., 2000) . The present data also raise the possibility that other hypothalamic hormones, which are modulated by leptin, may be involved in acute food deprivation-induced reinstatement of heroin seeking. These include, among others, galanin, agouti-related protein, neuropeptide Y, and cocaine-and amphetamine-regulated transcript (Lawrence et al., 1999) .
Implications of the findings to mechanisms underlying relapse to heroin seeking
It has been shown that heroin priming reinstates heroin seeking by activating neuronal systems that are distinct from those underlying reinstatement induced by footshock stress (Shaham et al., 2000a) . Heroin priming is thought to induce reinstatement of heroin seeking by activating the mesolimbic dopaminergic (DA) reward system; morphine infusions into the ventral tegmental area (VTA) or amphetamine infusions into the nucleus accumbens (NAS) mimic the effect of priming injections of heroin, given systemically (Stewart, 1984; Stewart and Vezina, 1988) . On the other hand, footshock is thought to induce reinstatement of drug seeking by activating central NA and extrahypothalamic CRF systems, most likely within the amygdala and bed nucleus of stria terminalis (BNST) (Erb and Stewart, 1999; Shaham et al., 2000a) . Food deprivation, therefore, can act on leptin-sensitive hypothalamic neurons that in turn may activate brain systems involved in reinstatement induced by footshock (e.g., BNST and amygdala) or heroin priming (e.g., VTA, NAS). Many anatomical and neurophysiological studies demonstrate neuronal connections between the above brain structures and the hypothalamus (Heimer et al., 1997; Pacak et al., 1998; Kelley, 1999) . Thus, to the extent that acute food deprivation induces neurochemical changes similar to those induced by chronic food restriction, as the data on the effect of these conditions on opioid and psychostimulant intravenous self-administration suggest (Carroll, 1999) , acute food deprivation may reinstate heroin seeking by its actions on the mesolimbic DA system. Chronic food restriction increases morphine-and cocaine-induced DA release in the NAS and enhances locomotor activity induced by central injections of amphetamine or morphine into the NAS or VTA, respectively Le Moal, 1996, 1998) . Food restriction also augments amphetamine-induced c-fos expression in the NAS (Carr and Kutchukhidze, 2000) .
On the other hand, acute food deprivation may reinstate heroin seeking by mimicking the actions of footshock on stress-related systems. Acute (24 -48 hr) food deprivation increases CRF (Heinrichs and Richard, 1999) and NA (Stanley et al., 1989) utilization in the hypothalamus, a region that receives its major NA input from the lateral tegmental NA nuclei via the ventral NA bundle (Moore and Bloom, 1979; Pacak et al., 1998) . This neuronal projection has been shown recently to be involved in footshockinduced reinstatement of heroin seeking (Shaham et al., 2000b) . The effect of acute food deprivation on extrahypothalamic CRF and NA has not been studied, but these systems also might be activated by this deprivation condition. Acute food deprivation increases neuronal activity, as assessed by c-fos expression, in both hypothalamic and extrahypothalamic (amygdala, BNST, and paraventricular thalamus) sites (Horvath et al., 1999) . The fact that some of the activated cells in the extrahypothalamic sites contain CRF makes it possible that acute food deprivation acts on those systems that mediate reinstatement of heroin seeking induced by footshock.
Implications for the treatment of relapse to drug use in humans
There exist suggestive evidence that food restriction or deprivation increases drug intake and provokes relapse to drug use in humans (Franklin et al., 1948; Hall et al., 1992; Niaura et al., 1992) . In addition, it has been suggested (Carr, 1996; Carroll, 1999) that the increase in drug-motivated behavior during food restriction in laboratory animals is of relevance to the understanding of the high comorbidity between eating disorders and substance abuse in humans (Holderness et al., 1994) . The present study demonstrates that even short-term fasting can promote drug seeking in heroin-experienced rats and that this effect can be modulated by leptin, a hormone involved in the regulation of energy balance and food intake. Thus, medications that target the central leptin system and/or other hypothalamic hormones that are regulated by leptin (Ahima et al., 2000) may be considered for the treatment of drug addicts with comorbid eating disorders.
